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We consider the extension of the Standard Model (SM) with a light inflaton where both unitarity
problem in Higgs inflation and vacuum instability problem are resolved. The linear non-minimal
coupling of the inflaton to gravity leads to a significant kinetic mixing between the inflaton and the
graviton such that perturbative unitarity is restored up to Planck scale. We show the correlation
between unitarity scale and inflationary observables in this model and discuss how the effective
Higgs inflation appears.
INTRODUCTION
Cosmic inflation [1, 2] solves horizon problem and ex-
plains isotropy, homogeneity, flatness of the Universe,
etc, in Big Bang cosmology (See, for instance, Ref. [3, 4]
for a recent review). Observation of Cosmic Microwave
Background (CMB) anisotropies [5–7] is well consistent
with the existence of the early period of slow-roll infla-
tion and quantum fluctuations during inflation seeds the
large scale structure of the Universe.
Predictions of large field models for inflation can be
sensitive to unknown high-scale physics unless there is
a reason to have the power expansion of inflaton poten-
tial at any new physics scale under control such that the
semi-classical approximation is justified during inflation.
Identification of new physics scales depends on the infla-
ton field values and the kinetic terms during inflation, so
the power counting for the effective field theory should
be applied with care to capture physics during inflation.
It is a legitimate question whether there is a way to ob-
tain a viable inflation model with the known or testable
particles and interactions at low energy. Higgs inflation
[8] uses the SM Higgs boson as the inflaton but the va-
lidity of the inflaton potential from electroweak all the
way to large field values during inflation is challenging.
The non-minimal coupling of the Higgs boson to gravity
must be of order ξ ∼ 104, violating perturbative uni-
tarity at MP /ξ in the SM vacuum, comparable to the
Hubble scale H ∼ MP /ξ during inflation [10]. But, new
physics scale becomes field-dependent during inflation [9]
and gets larger to the Planck scale in the inflaton sector
so a scale-invariant completion does not change the infla-
ton potential in the region in which the inflationary ob-
servables are evaluated [9]. On the other hand, the new
physics scale is saturated to MP /
√
ξ in the gauge sector,
so the semi-classical expansion in powers of
√
ξH/MP or
the inflation potential might depend on unknown new
physics entering at MP /
√
ξ ∼ √ξH [3].
Furthermore, the quartic self-coupling of the Higgs bo-
son runs to smaller but positive values at high energies,
although its precise value depends on the top quark pole
mass and the strong coupling at low energy [11–13]. In
this context, there is an interesting possibility that an
inflection point in the Higgs potential at high energies
can be used for inflation [14]. However, if a large top
quark pole mass is taken, the vacuum instability scale is
much lower than the typical inflation scale in Higgs in-
flation. For instance, for mt = 173.2 GeV, together with
mh = 125 GeV and αs(MZ) = 0.1183, the vacuum in-
stability scale is given by ΛI = 4× 1010 GeV [13], so the
Higgs boson would not be appropriate for a dominant
component of the inflaton in this case.
In this paper, we propose a simple extension of the
SM with a light singlet scalar field as a dominant com-
ponent of the inflaton. We introduce non-minimal cou-
plings of the singlet scalar to gravity at both linear (ξ1)
and quadratic (ξ2) orders and discuss the roles of the
singlet field as an Ultra-Violet (UV) completion of Higgs
inflation [15–17] as well as for solving the vacuum in-
stability problem. A large linear non-minimal coupling
with ξ1 ∼
√
ξ2 allows for a significant kinetic mixing of
the singlet field with the graviton, ensuring perturbative
unitarity up to Planck scale. In this model, we show
that the linear non-minimal coupling makes a crucial dif-
ference from Higgs inflation.
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The most general Lagrangian with the SM Higgs boson
φ and a light singlet sigma field σ coupled to gravity is
the following,
L√−g =
1
2
M2P Ω(σ, φ)R−
1
2
(∂µσ)
2 − 1
2
(∂µφ)
2 − VJ(σ, φ)
(1)
where the frame function and the scalar potential are
given by
Ω(σ, φ) = 1 +
ξ1σ
MP
+
1
M2P
(ξ2σ
2 + ξφφ
2), (2)
VJ(σ, φ) =
1
2
m2φφ
2 +
1
4
λφφ
4 +
1
2
m2σσ
2 − µσφ2
+
1
3
ασ3 +
1
2
λσφσ
2φ2 +
1
4
λσσ
4. (3)
This is a generalized form of the UV complete Higgs in-
flation proposed in Ref. [15, 17] or Starobinsky models for
inflation in Ref. [16, 18]. We take the mass parameters
for σ in the above scalar potential (3), i.e. mσ, µ, α, to
be of order the weak scale for a light inflaton. A similar
model with a singlet scalar field to ours was considered
in Ref. [19] but the effect of the linear non-minimal cou-
pling was not discussed. The detailed discussion on the
light inflaton with a small non-minimal coupling, ξ2 < 1
and ξ1 = 0, can be found in Ref. [20].
Assuming ξ2, ξφ > 0, we only have to impose the con-
dition for stable gravity as
ξ21 < 4(ξ2 + ξφτ
2), (4)
with τ = φ/σ, because otherwise the effective Planck
mass squared could become negative during the cosmo-
logical evolution. Thus, eq. (4) leads to the upper bound
on the linear non-minimal coupling ξ1 for stable gravity
in the entire field space.
From eq. (1), setting MP = 1 and performing the met-
ric rescaling by gµν = g
E
µν/Ω with Ω = 1 + ξ1σ + ξ2σ
2 +
ξφφ
2, we get the Einstein frame Lagrangian as
L√−gE =
1
2
R(gE)− 1
2Ω
(∂µσ)
2 − 3
4
(∂µ log Ω)
2
− 1
2Ω
(∂µφ)
2 − VE(σ, φ) (5)
where the Einstein frame potential is given by VE(σ, φ) =
VJ/Ω
2.
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FIG. 1: Contours of |Λ2| in units of MP in the plane of
ξ2 and ξ1 in black solid lines. We overlaid in blue
dashed lines the contours of a = ξ1/
√
ξ2.
UNITARITY AND HIGGS INFLATION
We consider the unitarity scale in our model with the
light inflaton and discuss the effective Higgs inflation af-
ter the sigma field is integrated out. Near the true min-
imum with σ, φ  1, we get the quadratic kinetic terms
in eq. (5) approximated to
Lkin,0 = −1
2
(
1 +
3
2
ξ21
)
(∂µσ)
2 − 1
2
(∂µφ)
2. (6)
Then, redefining the sigma field by
σ˜ =
(
1 +
3
2
ξ21
)1/2
σ. (7)
we obtain the leading derivative interaction terms are
Lint = 1
Λ1
σ˜(∂µσ˜)
2 +
1
Λ22
σ˜2(∂µσ˜)
2 +
1
Λ23
φ2(∂µσ˜)
2
+
1
Λ4
σ˜(∂µφ)
2 +
1
Λ25
σ˜2(∂µφ)
2 +
1
Λ26
φ2(∂µφ)
2
− 1
Λ7
φ(∂µσ˜)(∂
µφ)− 1
Λ28
σ˜φ(∂µσ˜)(∂
µφ) + · · ·(8)
3where the ellipses are higher dimensional terms and the
cutoff scales in the leading terms read
Λ1 ≡
2
(
1 + 32ξ
2
1
)3/2
ξ1(1 + 3ξ21 − 6ξ2)
, (9)
|Λ2| ≡
√
2
(
1 + 32ξ
2
1
)
∣∣∣ξ21(1 + 32ξ21)+ ξ2(1 + 3ξ21 − 6ξ2)∣∣∣1/2 , (10)
Λ3 ≡
√√√√2(1 + 32ξ21)
ξφ(1 + 3ξ21)
, (11)
Λ4 =
2
√
1 + 32ξ
2
1
ξ1
, (12)
Λ5 =
√√√√2(1 + 32ξ21)
ξ21 + ξ2
, (13)
|Λ6| =
√
2
|ξφ(1− 6ξφ)| , (14)
Λ7 =
√
1 + 32ξ
2
1
3ξφξ1
, (15)
Λ8 =
√
1 + 32ξ
2
1
6ξφξ2
. (16)
Therefore, taking ξφ = O(1) to avoid unitarity problem
due to Higgs interactions such as Λ6,7, we can read off
the minimum cutoff scales from Λ1,2,5,8. In Fig. 1, we
depict the minimum cutoff scale |Λ2| in units of MP in
the plane of ξ2 and ξ1. Then, we find that the cutoff
scale of order Planck scale requires a sizable linear non-
minimal coupling, namely, a = O(1) or ξ1 ∼
√
ξ2.
Consequently, mass parameters in the scalar potential
(3) are not constrained by unitarity, as far as they are
below the scale of unitarity violation in Higgs inflation.
Thus, the sigma field mass can be of order weak scale or
lower, being consistent with the UV complete inflation,
unlike the cases only with either ξ2 [15] or ξ1 [17], where
the new singlet scalar must be much heavier than weak
scale to get a large VEV from the renormalizable scalar
potential [15] or match the COBE normalization with the
singlet mass term [17].
In order to discuss the effective Higgs inflation, we plug
into eq. (1) the equation of motion for σ with
σ =
√
−m2σ − λσφφ2
λσ
(17)
where the dimensionful interactions are ignored in the
scalar potential (3). As a result, we obtain the effective
Lagrangian for the Higgs inflation from as
Leff√−g =
1
2
M2P Ωeff(φ)R−
1
2
(∂µφ)
2 − Veff(φ) (18)
where the effective frame function and Higgs potential
become
Ωeff = 1− ξ2m
2
σ
λσM2P
+
ξ1
MP
√
−m2σ − λσφφ2
λσ
+
ξφ,effφ
2
M2P
,(19)
Veff =
1
2
m2φφ
2 +
1
4
λeffφ
4 (20)
with
ξφ,eff ≡ ξφ − λσφξ2
λσ
, (21)
λeff ≡ λφ −
λ2σφ
λσ
. (22)
Therefore, for φ2  |m2σ/λσφ|, a large effective non-
minimal coupling ξeff appears for ξ2  1 [15] and the
Higgs quartic coupling gets a tree-level shift due to the
scalar threshold, curing the vacuum instability problem
[13, 21]. In the limit of φ2  |m2σ/λσφ|, the Higgs
field follows the sigma field satisfying σ ≈√−λσφφ2/λσ.
Then, for ξ2  ξφ|λσ/λσφ|, the effective frame function
(19) becomes
Ωeff ≈ 1 + η
√
φ2
MP
+
ξφ,effφ
2
M2P
(23)
with η ≈ ξ1√
ξ2
√
ξφ,eff and ξφ,eff ≈ −λσφξ2λσ > 0 for
λσφ < 0. As compared to the original Higgs inflation, the
resulting frame function is augmented by a non-analytic
form of the non-minimal coupling to gravity,
√
φ2R. As
the sigma field theory with ξ1 ∼
√
ξ2 is unitary up to the
Planck scale, resulting in η ∼√ξφ,eff , the effective Higgs
inflation keeps a similar prediction for inflation as in the
sigma field theory.
INFLATON DYNAMICS WITH SIGMA FIELD
Now we discuss the general inflation vacua at large
fields in our model. As far as the stable gravity condi-
tion (4) is satisfied, the frame function Ω is always posi-
tive during inflation. For ξ1σ + ξ2σ
2 + ξφφ
2  1 during
inflation, we get Ω ≈ ξ1σ + ξ2σ2 + ξφφ2 and introduce a
new set of fields by
e
2√
6
χ
= ξ1σ + ξ2σ
2 + ξφφ
2, (24)
τ =
φ
σ
. (25)
4Then, since e
√
2
3χ  ξ214(ξ2+ξφτ2) at large fields, we get the
approximate relation between σ and redefined fields, χ
and τ , as
σ ≈ e
1√
6
χ
(ξ2 + ξφτ2)1/2
(
1− a
2
e
− 1√
6
χ
+
a2
8
e
− 2√
6
χ
)
(26)
with
a ≡ ξ1
(ξ2 + ξφτ2)1/2
. (27)
As a consequence, the scalar potential in Einstein frame
becomes
VE(χ) =
1
4
(λφτ
4 + 2λσφτ
2 + λσ)
(
1 + e
− 2√
6
χ
)−2
σ4
≈ V0
(
1− 2a e− 1√6χ − (2 + a2) e− 2√6χ
)
(28)
with
V0 ≡ λφτ
4 + 2λσφτ
2 + λσ
4(ξ2 + ξφτ2)2
. (29)
Here, the condition of stable gravity (4) requires that
|a| < 2.
On the other hand, for ξ1  2(ξ2 + ξφτ2)σ, the kinetic
terms for σ and φ in eq. (5) can be rewritten in terms of
χ and τ [22] as follows,
Lkin√−gE ≈
1
2
[
1 +
1
6
1 + τ2
ξ2 + ξφτ2
]
(∂µχ)
2
+
1√
6
τ(ξ2 − ξφ)
(ξ2 + ξφτ2)2
(∂µχ)(∂
µτ)
+
1
2
ξ2φτ
2 + ξ22
(ξ2 + ξφτ2)3
(∂µτ)
2. (30)
Here, we note that for ξ2 + ξφ  1 or ξ2 = ξφ or 〈τ〉 = 0,
we can safely ignore the kinetic mixing term between χ
and τ . The results coincide with those in Ref. [22] for
ξ1 = 0.
We turn to the stabilization of τ from the scalar po-
tential in eq. (28). Ignoring the third term in eq. (28) in
stabilizing τ , for ξ2  ξφ = O(1) and quartic couplings of
order unity, we get the conditions for the inflation vacua
[22] as
(1) τ =
√
−λσφ
λφ
: λφ > 0 , λσφ < 0 ,
(2) τ = 0 : λφ > 0 , λσφ > 0 ,
(3) τ =∞ : λφ < 0 , λσφ < 0 ,
(4) τ = 0,∞ : λφ < 0 , λσφ > 0 . (31)
In the first two cases, we need the Higgs quartic coupling
to be positive during inflation: the former is the sigma-
Higgs mixed inflation and the latter is the pure sigma
inflation. In the third case, as the Higgs quartic coupling
is required to be negative as λφ < 0, V0 < 0, so it is
not possible to get a dS vacuum for inflation. But, in
the fourth case, even for λφ < 0, the inflation could be
driven by the sigma field at the metastable vacuum with
τ = 0 so it could lead to a viable cosmology with cor-
rect electroweak symmetry breaking at low energy. The
resulting vacuum energy for the viable inflation becomes
(1) : V0 =
1
4ξ22
(
λσ −
λ2σφ
λφ
)
, (32)
(2), (4) : V0 =
λσ
4ξ22
, (33)
In all the above cases, then the sigma quartic self-
coupling contributes dominantly to the inflaton vacuum
energy. We note that the physical mass of the τ field
is given as follows: (1) m2τ ≈ (−2λσφ)/ξ2, or (2), (4):
m2τ ≈ λσφ/ξ2, so m2τ  H2 ∼ λσ/ξ22 . Therefore, the
dynamics of the τ field can be safely ignored during in-
flation. The results are in agreement with the related
analytic and numerical analyses for the effective single-
field inflation in similar models as in Ref. [22, 23].
Consequently, from eqs. (30) and (28), we obtain the
effective Lagrangian for the inflaton χ, as follows,
Leff√−gE =
1
2
R(gE)− 1
2
(∂µχ)
2 − VE(χ). (34)
Therefore, for a & e−
1√
6
χ ∼ 0.1 during inflation, which
makes the cutoff scale higher than 10−2MP even for a
large ξ2 ∼ 104, as shown in Fig. 1, the linear non-minimal
coupling modifies the inflaton potential significantly, as
compared with the case with quadratic non-minimal cou-
pling only.
We remark that the linear non-minimal coupling ξ1 in
eq. (1) can be eliminated by redefining the σ field with
σ¯ = σ + ξ12ξ2MP , and then the frame function (2) and
the scalar potential (3) in the Jordan frame are replaced
by those with σ = σ¯ − ξ12ξ2MP . Even in this case, small
physical masses for the singlet scalar are kept. The large
VEV of the shifted field σ¯ leads to a large kinetic mixing
between the singlet scalar and the graviton in the Jordan
frame or a large rescaling of the singlet scalar kinetic
term in the Einstein frame [15, 16]. For instance, for
φ = 0 and ξ2σ¯
2  1− ξ214ξ2 during inflation, the canonical
inflaton field becomes χ =
√
3
2 ln(σ¯
2/ξ2) for the σ¯ field.
Then, from the λσ term in this field basis, we obtain the
same effective Lagrangian for the inflaton with τ = 0 as
eq. (34).
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FIG. 2: Slow-roll parameters as a function of
a ≡ ξ1/(ξ2 + ξφτ2)1/2. We have chosen N = 50, 60 in
solid and dashed lines, respectively.
From the effective inflaton Lagrangian in eq. (34), the
slow-roll parameters during inflation are given by
 =
1
3
(2 + a2)2 e
− 2√
6
χ
(
e
− 1√
6
χ
+
a
2 + a2
)2
, (35)
η = −2
3
(2 + a2) e
− 1√
6
χ
(
e
− 1√
6
χ
+
a
2(2 + a2)
)
. (36)
As a result, the spectral index is given by ns = 1 −
6∗ + 2η∗ where ∗ denotes the evaluation of the slow-roll
parameters, (35) and (36), at horizon exit. The tensor-
to-scalar ratio is also given by r = 16∗ with eq. (35)
at horizon exit. The measured spectral index and the
bound on the tensor-to-scalar ratio are given by ns =
0.9652 ± 0.0047 and r < 0.10 at 95% C.L., respectively,
from Planck TT, TE, EE + low P [6].
Moreover, the number of efoldings required to solve the
horizon problem can be calculated as follows,
N =
∫ χi
χf
dχ√
2
≈ 3(2 + a
2)
a2
[
a
2 + a2
e
1√
6
χ∗ − ln
(
1 +
a
2 + a2
e
1√
6
χ∗
)]
(37)
where χi,f are the inflaton values at the beginning and
end of inflation and we can take χi = χ∗. In Fig. 2, we
show the slow-roll parameters evaluated at the horizon
exit as a function of a for N = 50, 60. Thus, we find that
η∗ is insensitive to a but ∗ changes to a large value as a
approaches unity.
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FIG. 3: Spectral index ns vs tensor-to-scalar ratio r for
a = 0− 2. We have chosen N = 50, 60 in blue and black
lines, respectively. Planck 1σ band is shown in green.
For a  e− 1√6χ∗ , i.e. ξ1  1, the results with
quadratic non-minimal couplings only are recovered,
namely, N ≈ 34 e
2√
6
χ∗ , ∗ ≈ 43 e−
4√
6
χ
and η∗ ≈ − 43 e−
2√
6
χ
.
Then, we get ∗ ≈ 34N2 and η∗ ≈ − 1N , so the spectral in-
dex and the tensor-to-scalar ratio become ns ≈ 1 − 2N
and r ≈ 12N2 , respectively [8].
However, for a sizable a or ξ1, the inflationary observ-
ables are modified by the linear non-minimal coupling
for σ. In Fig. 3, we depict the correlation between the
spectral index and the tensor-to-scalar ratio the spectral
index for a varying a ≡ ξ1/(ξ2 + ξφτ2)1/2 for N = 50, 60
in blue and black lines, respectively. As ∗ increases for a
sizable a, the tensor-to-scalar ratio the tensor-to-scalar
ratio varies significantly from the one for the original
Higgs inflation [8] up to r = 0.015 for N = 50 and
r = 0.010 for N = 60. Thus, the primordial gravity
waves are at the detectable level in the future CMB ex-
periments such as LiteBIRD [24].
CONCLUSIONS
We have presented the inflation model with a light
singlet field containing both linear and quadratic non-
minimal couplings to gravity. We showed that the infla-
ton potential is determined by the quartic couplings and
the non-minimal couplings only. We found that the lin-
6ear non-minimal coupling for the singlet field makes the
model unitary up to Planck scale and allows for a sizable
deviation in tensor-to-scalar ratio from Higgs inflation.
The light singlet inflaton can be probed by low-energy
phenomena such as the direct production at the Large
Hadron Collider through Higgs interactions.
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